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摘要 
卤化铅钙钛矿是近年来兴起的半导体材料，由于其在光伏电池中的出色性能(光电转化效
率超过 20%）被研究者广泛关注。和传统的镉基量子点相比，钙钛矿纳米晶具有优秀的光学
性质，例如高荧光量子产率（最高达 100%），覆盖整个可见光区的可调发射光谱（从 400-700 
nm），相对低温的合成途径（从室温至 150 ℃）等。这些优越的特性使钙钛矿量子点在光电
器件领域具有潜在的应用价值，例如太阳能电池／发光二极管／光泵浦激光／光检测器等。
然而，钙钛矿量子点对湿度、氧气、极性和非质子溶剂以及热分解的不稳定性，影响了它们
的进一步研究和分析方面的应用。 
本论文共四章。第一章，文献综述。主要介绍了钙钛矿量子点研究的发展过程，包括钙
钛矿量子点的合成方法，光物理化学性质，稳定性的影响因素，现有的稳定方法，以及在光
电和传感等方面的应用，并提出本论文的研究思路及其意义。 
第二章，利用研磨法制备有机无机杂化钙钛矿材料，探索其在湿度荧光传感的应用。研
究工作考察了其湿度传感的灵敏度和检测限，通过耦合红色荧光化合物，获得了一种比色型
的荧光湿度传感器，达到了肉眼分辨湿度的效果，实验还考察了该传感器的稳定性。 
第三章，利用分子晶体苯甲酸作为包埋钙钛矿量子点的基质，不需要配体交换，进行量
子点在苯甲酸晶体中的嵌入。通过稳定性试验，考察晶体本身致密的结构对量子点的稳定性
的影响。利用透射电子显微镜和激光共聚焦倒置荧光显微镜，观测量子点在苯甲酸晶体内部
的分布。通过荧光光谱和荧光寿命、荧光量子产率的测量，研究包埋量子点前后的光学性质
特别是荧光性质的变化。实验利用这种复合晶体进行了暖白光 LED 的构建。 
第四章，利用 CsPbBr3 NC 量子点，通过固态阴阳离子的一步交换，获得了分散在 KCl
表面的 CsPbCl3-Mn NC。利用 KCl 的多晶体软塑性成形的性质，通过压片成型，获得了具有
橙红色荧光且发光可调的固态发光材料。利用电感耦合等离子体质谱和荧光寿命的测量，证
明了 Mn的掺杂。由于 CsPbCl3至Mn的能量转移效应，获得了强荧光的 Mn 发射，并用于光
致发光的 LED颜色转换层。 
关键词：钙钛矿纳米晶；量子点；封装；包埋；湿度传感
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Abstract 
Recent years, lead halide perovskites (LHP) are emerging as the most attractive semiconducting 
materials in photovoltaic research, which could be used to fabricate solar cells with efficiency over 
20%. At the same time, perovskite quantum dots (QDs) have been synthesis through various ways, 
and have shown extraordinary features over conventional Cd QDs, such as high photoluminescence 
quantum yield(up to 100%), tunable emission wavelength over entire visible range(400- 700nm), low 
temperature synthesis route. These remarkable properties make the LHP QDs became building blocks 
for next generation of optoelectronic devices, including solar cells, light emitting diodes (LEDs), light 
bump lasers and photodetectors. However, these LHP QDs are suffering from poor instability toward 
moisture/oxygen/ polar and protic solvent and thermal degradation, which hinder their fundamental 
studies and further applications. In this dissertation, research works are focus on the encapsulating of 
LHP QDs into crystalline matrix, and by using these solid state lighting materials, high performance 
while LEDs were obtained, and high resolution humidity sensor were constructed. 
This dissertation includes four chapters. 
In chapter I, the history of LHP QDs were introduced firstly. Afterwards, the synthesis methods, 
photochemical and photophysical properties and the stabilization methods of LHP QDs were briefly 
reviewed. Finally, the optoelectronic and optical sensing applications of LHP QDs were reviewed. 
In chapter II, CH3NH3PbBr3 was produced by using grinding method, and their potential in 
humidity sensing was investigated. The experiments shown that CH3NH3PbBr3 was a good candidate 
in optical humidity sensing, which exhibit good sensitivity and reversibility towards the change of 
relative humidity. By coupling with a red emitting organic dye, we fabricated a colorimetric sensor, 
which enable the humidity sensing by naked eyes. 
In chapter III, the stability of lead halide perovskite quantum dots (PQDs) was improved by 
embedding them in carboxybenzene microcrystals. The resulting needle-shaped mixed microcrystals 
preserved the strong photoluminescence of the PQDs. Compared with the reported PQDs 
encapsulated with polystyrene, the carboxybenzene crystals proved to be very robust matrices, 
protecting the PQDs from moisture and photodegradation. The enhanced stability was attributed to 
the tight matrix of carboxybenzene microcrystals protecting the PQDs from moisture. This strategy 
was also very versatile in protecting various QDs, including all-inorganic PQDs and chalcogenide 
QDs (e.g. CdSe/ZnS QDs and CuInS/ZnS QDs). The method provided a facile and versatile route to 
protect the PQDs, which may extend their application in solid-state systems with high-color quality 
requirements such as displays, lasers, light emitting diodes, etc.  
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In chapter IV, we have developed a simple strategy for the fabrication of high luminescent 
CsPbCl3-Mn NC from CsPbBr3 NC through dual ion exchange with MnCl2, and the CsPbCl3-Mn NC 
was embedded in KCl. The ion exchange reaction and the embedding process could be achieved 
simultaneously. The CsPbCl3-Mn@KCl preserve the excellent photoluminescence properties of 
CsPbBr3 NC, compared with the film fabrication process of CsPbCl3-Mn@polystyrene. The 
successful doping of Mn in the origin NC were confirmed by inductively coupled plasma mass 
spectrometry and fluorescence lifetime measurement. The CsPbCl3-Mn@KCl were stable against 
photo-degradation and thanks to the robust matrix, the resistance to moisture was greatly enhanced. 
Finally, the CsPbCl3-Mn@KCl was used as color converter in LED applications. 
 
Key Words： perovskite nanocrystals；quantum dots；stabilization；encapsulation；humidity 
sensing 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
目录 
 
中文摘要 ................................................................................................................ I 
 
英文摘要 .............................................................................................................. II 
 
第一章 绪论 ......................................................................................................... 1 
1.1 钙钛矿概述 ....................................................................................................................... 1 
1.1.1 卤化铅钙钛矿 ................................................................................................................ 2 
1.1.2 卤化铅钙钛矿量子点 .................................................................................................... 2 
1.2 钙钛矿量子点的合成 ....................................................................................................... 3 
1.2.1 有机无机杂化的钙钛矿量子点合成 ........................................................................ 3 
1.2.2 全无机钙钛矿量子点 ................................................................................................ 7 
1.3 钙钛矿纳米晶的形貌调控 ............................................................................................. 10 
1.4 钙钛矿发光性质 ............................................................................................................. 12 
1.4.1 荧光量子产率和荧光寿命 ...................................................................................... 12 
1.4.2 光闪烁现象 .............................................................................................................. 14 
1.4.3 缺陷容忍能力 .......................................................................................................... 14 
1.5 发射调节和量子限域效应 ............................................................................................. 15 
1.5.1 尺寸调控 .................................................................................................................. 15 
1.5.2 维度调控 .................................................................................................................. 16 
1.5.3 化学调控 .................................................................................................................. 20 
1.6 钙钛矿纳米晶的稳定性 ................................................................................................. 23 
1.6.1 热稳定性和相稳定性 .............................................................................................. 23 
1.6.2 化学稳定性 .............................................................................................................. 27 
1.6.3 胶体和聚集体稳定性 .............................................................................................. 29 
1.7 钙钛矿量子点的封装和稳定化 ..................................................................................... 30 
1.7.1 有机材料或聚合物包覆 .......................................................................................... 30 
1.7.2 无机材料包覆 .......................................................................................................... 33 
1.8 非铅或异金属掺杂钙钛矿纳米晶 ................................................................................. 34 
1.9 钙钛矿量子点的应用 ..................................................................................................... 37 
1.9.1 发光二极管 .............................................................................................................. 37 
1.9.2 光泵浦激光 .............................................................................................................. 38 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
1.9.3 光电检测器 .............................................................................................................. 40 
1.9.4 太阳能电池 .............................................................................................................. 40 
1.9.5 荧光传感 .................................................................................................................. 41 
1.10 本论文的研究思路 ....................................................................................................... 42 
参考文献 ................................................................................................................................ 43 
第二章 CH3NH3PbBr3钙钛矿应用于湿度的可视化传感 ............................. 54 
2.1 引言 ................................................................................................................................. 54 
2.2 实验部分 ......................................................................................................................... 54 
2.2.1 试剂 .......................................................................................................................... 54 
2.2.2 仪器 .......................................................................................................................... 54 
2.2.3 比色传感膜的制备 .................................................................................................. 55 
2.3 结果和讨论 ..................................................................................................................... 55 
2.3.1 CH3NH3PbBr3钙钛矿的形貌和晶型 ....................................................................... 55 
2.3.2 CH3NH3PbBr3 传感膜对湿度的响应 ...................................................................... 57 
2.3.3 传感器的机理 .......................................................................................................... 59 
2.3.4 比色湿度传感器的构建 .......................................................................................... 59 
2.4 本章小结 ......................................................................................................................... 61 
参考文献 ................................................................................................................................ 62 
第三章 苯甲酸晶体封装钙钛矿量子点........................................................... 64 
3.1 引言 ................................................................................................................................. 64 
3.2 实验部分 ......................................................................................................................... 65 
2.2.1 仪器与试剂 .............................................................................................................. 65 
2.2.2 仪器 .......................................................................................................................... 65 
2.2.3 甲胺铅溴钙钛矿量子点的合成 .............................................................................. 66 
2.2.4 全无机钙钛矿量子点的合成 .................................................................................. 67 
2.2.5 CdSe/ZnS QD 的合成 ............................................................................................... 67 
2.2.6 CuInS/ZnS QD 的合成.............................................................................................. 67 
2.2.7 量子点-苯甲酸晶体的制备 ..................................................................................... 67 
2.2.8 量子点-聚苯乙烯膜（QD-PS)的制备 .................................................................... 68 
3.3结果与讨论 ...................................................................................................................... 68 
3.3.1 量子点-苯甲酸复合物的光学性质 ......................................................................... 68 
3.3.2 量子点-苯甲酸晶体的稳定性考察 ......................................................................... 71 
3.3.3 不同长度的有机配体对量子点嵌入效率的影响 .................................................. 72 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
3.3.4 量子点-苯甲酸晶体用于白光 LED ........................................................................ 75 
3.4本章小结 .......................................................................................................................... 76 
参考文献 ................................................................................................................................ 77 
第四章 阴阳离子交换制备 CsPbCl3-Mn@KCl固相发光材料 .................... 79 
4.1 前言 ................................................................................................................................. 79 
4.2 实验部分 ......................................................................................................................... 80 
4.2.1 试剂 .......................................................................................................................... 80 
4.2.2 仪器 .......................................................................................................................... 81 
4.2.3 CsPbBr3、CsPb(Br/I)3 NC 以及 CsPbCl3-Mn NC 的合成 ...................................... 81 
4.2.4 CsPbCl3-Mn NC的合成 ........................................................................................... 81 
4.2.5 CsPbCl3-Mn@PS和 CsPb(Br/I)3@PS 的制备 ......................................................... 81 
4.3结果与讨论 ...................................................................................................................... 82 
4.3.1 CsPbBr3 NC 的结构、形貌以及表征 ...................................................................... 82 
4.3.2 CsPbBr3—CsPbCl3-Mn@KCl 的动力学考察 ........................................................ 83 
4.3.3 CsPbCl3-Mn@KCl的稳定性考察............................................................................ 85 
4.3.4 CsPbCl3-Mn@KCl用于 LED ................................................................................... 87 
4.4本章小结 .......................................................................................................................... 88 
参考文献 ................................................................................................................................ 89 
在校期间发表论文 ............................................................................................. 91 
致谢 ..................................................................................................................... 92 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
Table of Contents 
 
Abstract in Chinese ............................................................................................. 1 
 
Abstract in English ............................................................................................. II 
 
Chapter I Introduction ....................................................................................... 1 
1.1 Overview of perovskite .................................................................................................... 1 
1.1.1 Overview of lead halide perovskite .............................................................................. 2 
1.1.2 Lead halide perovskite quantum dots ......................................................................... 2 
1.2 Synthesis of perovskite quantum dots ............................................................................ 3 
1.2.1 Organic-inorganic hybrid perovskite quantum dots .................................................... 3 
1.2.2 All inorganic perovskite quantum dots ........................................................................ 7 
1.3 Shape control of perovskite quantum dots .................................................................. 10 
1.4 Optical properties of perovskite quantum dots ........................................................... 12 
1.4.1 Photoluminesence quantum yield and lifetime .......................................................... 12 
1.4.2 Photoblinking ............................................................................................................. 14 
1.4.3 Defect tolerance ability .............................................................................................. 14 
1.5 Emission control and quantum confinement effects ................................................... 15 
1.5.1 Size control ................................................................................................................ 15 
1.5.2 Dimension control ..................................................................................................... 16 
1.5.3 Chemical control ........................................................................................................ 20 
1.6 Stability of perovskite quantum dots ............................................................................ 23 
1.6.1 Thermo and phase stability ........................................................................................ 23 
1.6.2 Chemical stability ...................................................................................................... 27 
1.6.3 Colloidal and assemble stability ................................................................................ 29 
1.7 Encapuslation and stabilization of perovskite quantum dots .................................... 30 
1.7.1 Organic polymers ....................................................................................................... 30 
1.7.2 Inorganic materials .................................................................................................... 33 
1.8 Lead free or heterours metal doped perovskite quantum dots .................................. 34 
1.9 Applications of perovskite quantum dots ..................................................................... 37 
1.9.1 Light emitting diodes ................................................................................................. 37 
1.9.2 Light bumped lasers ................................................................................................... 38 
1.9.3 Photon detectors ......................................................................................................... 40 
1.9.4 Solar cells ................................................................................................................... 40 
1.9.5 Fluorescence sensors ................................................................................................. 41 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
1.10 Research mentality of this thesis ................................................................................. 42 
Reference ............................................................................................................................... 43 
Chapter II CH3NH3PbBr3 perovskite in humidity sensing ........................... 54 
2.1 Introduction .................................................................................................................... 54 
2.2 Experimental ................................................................................................................... 54 
2.2.1 Materials and reagents ............................................................................................... 54 
2.2.2 Instruments ................................................................................................................ 54 
2.2.3 Fabrication of colorimetric humidity sensing film .................................................... 55 
2.3 Results and Discussion ................................................................................................... 55 
2.3.1 Characterizations of CH3NH3PbBr3 perovskite ......................................................... 55 
2.3.2 Humidity response of CH3NH3PbBr3 perovskite ....................................................... 57 
2.3.3 Sensing mechansim ................................................................................................... 59 
2.3.4 Colorimetric optical sensor ........................................................................................ 59 
2.4 Conclusions ..................................................................................................................... 61 
Reference ............................................................................................................................... 62 
Chapter III Embedding perovksite quantum dots in carboxybenzene 
crystals ........................................................................................................................ 64 
3.1 Introduction .................................................................................................................... 64 
3.2 Experimental ................................................................................................................... 65 
2.2.1 Materials and reagents ............................................................................................... 65 
2.2.2 Instruments ................................................................................................................ 65 
2.2.3 Synthesis of MAPbBr3 quantum dots ........................................................................ 66 
2.2.4 Sythesis of CsPbX3 quantum dots ............................................................................. 67 
2.2.5 Synthesis of CdSe/ZnS quantum dots ........................................................................ 67 
2.2.6 Synthesis of CuInS/ZnS quantum dots ...................................................................... 67 
2.2.7 Synthesis of quantum dots-carboxybenzene composite ............................................ 67 
2.2.8 Synthesis of quantum dots-polystyrene composite.................................................... 68 
3.3 Results and discussion .................................................................................................... 68 
3.3.1 Optical properties of quantum dots-carboxybenzene composite ............................... 68 
3.3.2 Stability tests of quantum dots-carboxybenzene composite ...................................... 71 
3.3.3 Effect of length of organic ligands ............................................................................ 72 
3.3.4 White LED applications ............................................................................................ 75 
3.4 Conclusions ..................................................................................................................... 76 
Reference ............................................................................................................................... 77 
Chapter IV Synthesis of CsPbCl3-Mn@KCl solid state lighting materials 
via cation exchange reactions ................................................................................... 79 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
4.1 Introduction .................................................................................................................... 79 
4.2 Experimentals ................................................................................................................. 80 
4.2.1 Materials and reagents ............................................................................................... 80 
4.2.2 Instruments ................................................................................................................ 81 
4.2.3 Synthesis of CsPbBr3, CsPb(Br/I)3 NC and CsPbCl3-Mn NC ................................... 81 
4.2.4 Synthesis of CsPbCl3-Mn NC .................................................................................... 81 
4.2.5 Synthesis of CsPbCl3-Mn@PS and CsPb(Br/I)3@PS ............................................... 81 
4.3 Results and discussion .................................................................................................... 82 
4.3.1 Characterization of CsPbBr3 NC ............................................................................... 82 
4.3.2 Dynamics ion exchanges of CsPbBr3 to CsPbCl3-Mn@KCl 的动力学考察 ........... 83 
4.3.3 Stability test of CsPbCl3-Mn@KCl ........................................................................... 85 
4.3.4 Applications of CsPbCl3-Mn@KCl in LED .............................................................. 87 
4.4 Conclusions ..................................................................................................................... 88 
Reference ............................................................................................................................... 89 
Publications ........................................................................................................ 91 
Acknowledgement ............................................................................................. 92 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章 绪论 
1 
 
第一章 绪论 
1.1钙钛矿概述 
近年来，由于卤化铅钙钛矿（lead halide perovskite, LHP）的宽吸收光谱，能够吸收大部
分波段的太阳光、很高的电子和空穴迁移率，以及容易加工性和价格低廉等优点，在光伏电
池和发光二极管（light emitting diodes，LED）中受到人们的关注。在短短的几年内，卤化铅
钙钛矿材料的太阳能光电转换效率从 3%升至 20%，被认为是下一代的光伏材料（图 1.1）。 
 
图 1.1 钙钛矿太阳能电池和其他太阳能电池的效率发展情况 
Figure 1.1 Efficiency improvements for any other PV technologies compared with perovskite solar 
cells. (https://www.nerl.gov/pv/assets/images/efficiency-chart-png) 
 
钙钛矿（perovskite）是一种化学组成为 CaTiO3的矿物，最早在 1839年被俄罗斯的 Gustav 
Rose发现，后以俄罗斯地质学家 Lev Perovski（1792-1856）的名字命名。狭义的钙钛矿是指
矿物 CaTiO3本身，而广义的钙钛矿则是指具有钙钛矿结构的 ABX3型化合物，其中 A（Na+, 
K+, Ca2+, Sr2+, Pb2+, Ba2+, REn+) 等大半径的阳离子，B（Ti4+, Nb5+, Mn4+, Fe3+,Ta5+, Th4+, Zr4+)
为小半径的离子， X为阴离子（X=O2-, F-, Cl-, Br-, I-)。由于这种特殊的结构，半径相差甚远
的离子可以稳定共存于同一体系中，因此钙钛矿在自然界中存在的种类广泛。 
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1.1.1 卤化铅钙钛矿 
卤化铅钙钛矿的表示通式一般为 ABX3（A=Cs，MA, FA；B=Pb，Sn，Mn，Bi 等，X=Cl，
Br，I 以及 SCN-, BF4-等类卤素），理想的 ABX3钙钛矿通常属于正交、四方或立方晶型。B
和六个 X阴离子配位，A 与 12个 X阴离子配位，从而组成带负电的 M-X半导体框架，A阳
离子作为电荷补偿。因此小半径的阳离子（K+, Rb+, Cs+, MA+, FA+）可以进入金属卤化物八面
体组成的三维框架中，但如果阳离子过大，则三维（3D）结构的钙钛矿会出现降维，PbX6的
框架形成二维（2D）,一维（1D）甚至零维（0D）的结构，如图 1.2所示。 
二维层状的钙钛矿通式为 An-1A’2BnX3n+1，由 BX6 八面体形成片层结构，又被称为
Ruddlesden-Popper相层状钙钛矿，由 1957年首次合成并描述这种结构的 S. N Ruddlesden 和
P. Popper 的名字命名；将 BX62-八面体由顶角相连形成链状结构，可以继续将维度降低，获得
一维的钙钛矿，通式为 A6BX5，这种一维的结构中产生的激子通过形成自束缚的激发态，表
现出独特的量子限域效应；而将每个 BX6八面体隔绝开，就可以获得 0D 的钙钛矿结构，通
式为 A4BX6。 
 
 
图 1.2 不同维度的钙钛矿框架 
Figure 1.2 Schematic representation of perovskite frameworks with different dimensionalities(3D, 
2D, 1D and 0D)[1]. 
 
1.1.2 卤化铅钙钛矿量子点 
从 20世纪 90年代，Mitzi 课题组首次报道了有机-无机杂化钙钛矿材料[2]，发现这种材料
优异的电子迁移率，在太阳能电池上具有应用潜力。此后，2009年 Kojima课题组首次制备出
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MAPbX3 的太阳能电池[3]，虽然能量转化效率只有 3.8%，但对太阳能电池的发展产生了不可
估量的推动。在短短的几年内，钙钛矿太阳能的能量转化效率已经突破 20%[4]。 
随着太阳能电池的发展，卤化铅钙钛矿材料的光学性质也被逐渐发现并报道[5-8]，与此同
时，具有类似结构的全无机钙钛矿 CsPbX3 引起了广泛关注。1958 年，Moller 课题组首次报
道了 CsPbX的晶体结构[9]，但直到 1997年，CsPbX3的发光性能才有所研究。2015年，随着
纳米级的有机无机杂化钙钛矿 MAPbX3 量子点（perovskite quantum dots, PQD）和全无机钙
钛矿 CsPbX3 QD的报道，这些材料由于极佳的光学性能而受到人们的关注。 
在钙钛矿纳米晶领域，有几个课题组的工作最具代表性和特色，如瑞士 ETH Zurich 的
Maksym V. Kovalenko，西班牙 Universidad de Valencia 的 Julia Pérez-Prieto，美国 University of 
California, Berkeley的 A. Paul Alivisatos 和 Peidong Yang；德国 Ludwig-Maximilians-Universität
的 Alexander S. Urban，北京理工大学的钟海政；南京理工大学的曾海波，南京大学的邓正涛，
国立台湾大学的 Liu Ru-Shi，香港城市大学的 Andrey L. Rogach，美国 Florida State University
的 Biwu Ma，意大利 Istituto Italiano di Tecnologia 的Mirko Prato 和 Liberato Manna 课题组。
加拿大 University of Toronto 的 Edward H. Sargent，英国 University of Cambridge 的 Richard 
Friend教授，King Addullah University of Science and Technology 的Osman Bakr教授以及 Indian 
institute of Science Education and Research 的 Angshuman Nag课题组等。 
1.2钙钛矿量子点的合成 
1.2.1有机无机杂化的钙钛矿量子点合成 
通常，三个维度都在 10 纳米以下的球形钙钛矿纳米晶称为量子点，而对于稍大的纳米
晶，则根据形貌可以区分为纳米立方体（nanocubes）、纳米线（nanowires）、纳米棒（nanorods）、
纳米片（nanoplatelets）等。2012年 A. Kojima利用多孔铝作为模板[10]，将化学计量比的甲基
溴化胺和溴化铅溶解于 N, N-二甲基甲酰胺(DMF)中，然后将前驱体溶液旋涂在预热的多孔铝
上，利用孔洞限制钙钛矿的生长，在室温下得到了强烈绿色荧光的材料，如图 1.3。该荧光来
源于半导体量子限域效应，但这种量子点大小难以调控，且合成依赖模板。 
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图 1.3 利用氧化铝为模板合成 CH3NH3PbBr3纳米颗粒的方法 
Figure 1.3 Synthesis of illuminant CH3NH3PbBr3 nanoparticle by using 1wt% precursor solution 
under UV-light irradiation[10]. 
 
2014年，L. C. Schmidt[11]等人利用辛基溴化胺和油酸作为表面配体，在十八烯中加入含
有溴甲胺（MABr）和溴化铅（PbBr2）的 DMF前驱体溶液，并迅速加入丙酮，获得的荧光量
子点的量子产率为 30%。在随后的工作中，他们通过优化配体的比例，得到了荧光量子效率
为 83%的量子点[12]，如图 1.4所示。 
 
 
图 1.4 CH3NH3PbBr3 纳米颗粒的胶体溶液在日光和紫外光下的照片 
Figure 1.4 Image of the CH3NH3PbBr3 nanoparticles under (a) lab light and (b) UV-laser pointer 
excitation[12]. 
 
在 2015年，北京理工大学的钟海政等人改进了上述方法，在室温下一步法得到 PQD，他
们将这种方法称为配体辅助共沉淀法[13]（ligand assist co-precipitation method, LARP)。如图 1.5
所示，他们将溴甲胺和溴化铅，表面活性剂辛胺，和油酸溶解在 DMF中，在将这个前驱体容
易缓慢滴入剧烈搅拌着的甲苯中，立刻生成了具有强烈荧光的胶体溶液，但随着时间的推移，
在溶液底部会出现橙黄色的微米级钙钛矿。将上清液与底部沉淀分离就可以得到纳米级 PQD。 
这种方法的原理是当前驱体与另一种极性不同的溶剂混合时，溶液整体的极性发生改变，
钙钛矿的溶解度随之减小，在混合液中析出晶体，辛胺与表面离子配位，限制了晶体生长，
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